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Chapter 4  
Solid-state growth of nanoporous 
graphene for Li-S batteries* 
In this chapter, a solid-state-growth approach for the synthesis of 3D 
interconnected bicontinuous nanoporous graphene (NPG) with the aid of 
nanoporous Ni templates at low temperatures (below 800 °C) is demonstrated. The 
as-synthesized nanoporous graphene comprises both interconnected tubular pores 
and non-tubular pores. The layer thickness of NPG can be controlled from 
monolayer to multilayer. The porosity and tubular pore sizes of bicontinuous NPG 
could be adjustable from tens of nanometres to hundreds of nanometers by varying 
the ligament size of nanoporous Ni templates. Three types of NPG with average 
tubular pore size of 1,000 nm, 160 nm, 50 nm were synthesized. NPG can be also 
made in the forms of powders up to macroscopic foams depending on the shape 
and size of the Ni templates. The specific surface area can reach 555 m2 g-1. By 
encapsulation of sulfur in the tubular pores, the NPG-sulfur composites exhibited 
superb electrochemical performances such as enhanced capacities and cyclic 
performances. The capacitive and cyclic performances presented great 
improvements with decreasing the tubular pore size from 1,000 to 50 nm and 
increasing the pore volume. 
  
                                                          
* This chapter has been published in the following journal: 
L. Q. Lu, N. Schriever, J. Th. M. De Hosson and Y. T. Pei, Journal of Materials 




Owing to the energy concerns about fossil fuels, rechargeable batteries with a high 
energy density become increasingly attractive, particularly for electric vehicles and 
grid-storage applications.1,2 Lithium-sulfur (Li-S) batteries own 3–5 folds higher 
energy density than the conventional Li-ion batteries, and low cost due to the 
abundance of sulfur.3 However, many challenges hamper the commercialization of 
Li-S batteries such as the electric and ionic insulating nature of sulfur, the 
dissolution of intermediate polysulfides into the electrolyte, and volume expansion 
of sulfur during discharge. In fact, the dissolved polysulfides may also pass through 
the separator and react with the lithium anode causing capacity losses and a fast 
capacity decay.4 To circumvent these problems, different approaches have been 
reported.3,4,5 Due to the low density, high conductivity, high specific surface area 
(SSA) and chemical stability of carbonaceous materials, one of the most effective 
strategies is the introduction of porous carbon to form porous carbon/sulfur 
composite electrodes. The latter can not only improve the conductivity and usage of 
sulfur, but also trap the polysulfides in the porous structure.6 These porous carbon 
materials may include carbon nanotube, activated carbon, pyrolysis carbon, 
amorphous carbon and graphene.6-8 
In particular, porous graphene (PG) attracts considerable attentions because 
of its intrinsic three-dimensional (3D) network, excellent electric conductivity, 
thermal conductivity, low density, high specific surface area, and good mechanical 
properties.9 In addition to energy storage, PG can also widely foreseen in other 
applications such as catalysts, environmental cleaning, oil−water separation, 
photodetectors and so forth.10-20 Nanoporous graphene (NPG) possesses pores of 
nanometer sizes, i.e. much smaller than normal PG, and has a much higher specific 
surface area. In fact, there are two kinds of routes for the synthesis of NPG foam: 
one is by assembly of graphene/graphene oxides via hydrothermal, freeze-
drying/freeze-casting, or templates-assisted assembly.21-23 The NPG synthesized by 
the assembly of reduced graphene oxide often contains a high concentration of 
defects and also discontinuous interconnections between individual graphene 
sheets arising from the solution process. Another strategy is the chemical vapor 
deposition (CVD) route, comprising the growth of graphene coated three-
dimensional templates followed by the removal of templates. Metallic templates 
such as Ni and Cu are potential candidates because of their good catalytic 
performances and relatively low costs. In addition, other porous oxides such as 
SiO2, MgO, and seashell were also developed as templates.24,25 Graphene grown on 
oxide templates usually has a lower crystallinity and a lower conductivity than that 
grown on a metallic template.14 For example, Ito et al. prepared NPG by CVD 
growth on dealloyed Ni nanoporous skeletons. The NPG synthesized by CVD 
method and using Ni templates preserves better physical characteristics than those 
made by assembly and by using oxide templates.24 
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However, the CVD growth of graphene requires high temperatures (e.g. at 
900-1,100 °C) for decomposition of hydrocarbon (such as CH4) molecules. Such a 
high temperature can seriously contribute considerably to coarsening of pores and 
ligaments of metallic frameworks from tens nanometer to few microns.14,24 
Consequently it will lead to less controllable structures of porous graphene. 
Another problem is the use of flammable and dangerous hydrocarbon gases. In 
addition, the dealloyed porous metal templates are usually limited to small sizes 
due to the complicated processing and are not sustainable for recycling. Therefore, 
a low-temperature synthesis of porous graphene through using safe solid carbon 
precursors and non-dealloyed porous metal templates could be more versatile, 
controllable and suitable in industrial applications.26,27
In this chapter a novel and sustainable method for the synthesis of 
bicontinuous nanoporous graphene by a solid-state growth at low temperatures (≤ 
800 °C) is described. The use of solid carbon and low temperature regime are 
crucial here and therefore we call it novel. Nanoporous nickel (NPNi) prepared by a 
facile thermal reduction method was used both as template and catalyst for 
conversion of solid carbon into graphene at low temperatures. The as-synthesized 
NPG contains both tubular pores and non-tubular pores, of which the thickness of 
graphene walls can be controlled. The tubular pores, surface area, and pore 
volumes of NPG can be tailored by tuning the nanostructure of NPNi templates and 
growth conditions. As an important application, a unique structure of 3D 
nanoporous graphene-sulfur (NPG-S) composite with encapsulation of sulfur in the 
topological tubular pores of NPG are synthesized for lithium-sulfur batteries. The 
NPG-S electrodes exhibit high reversible capacities and good cyclic stabilities 
ascribed to the intimate contact between graphene and sulfur and the physical 
confinements of lithium polysulfufides during discharge and charge. 
4.2 Experimental section 
4.2.1 Materials preparation and microscopic characterization 
(1) Synthesis of nanoporous Ni templates
NPNi was prepared according to our route described in Chapter 3 by thermal
reduction of metallic precursors. 28  Three types of NPNi templates denoted as 
NPNi-1000, NPNi-160 and NPNi-50 were used having the average ligament size of 
~1,000 nm, ~160 nm, and ~50 nm respectively. The NPNi-1000 and NPNi-160 
were achieved by reduction of nickel nitrate at 600 °C and 270 °C, respectively, for 
2 h under H2/Ar (15% H2) with a flow rate of 100 sccm. 
The NPNi-50 was synthesized as follows. Typically, 100 mL of 1 M nickel 
nitrate was added with 50 mL of 2 M NaOH under stirring at room temperature. 
After centrifuge, washing and drying, nickel hydroxide powder was obtained, 
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followed by reduction of as-prepared nickel hydroxide at 250 °C for 2 h under 
H2/Ar (15% H2) with a flow rate of 100 sccm.  
(2) Synthesis of nanoporous graphene 
The as-prepared NPNi was dipped into a polyvinylpyrrolidone (PVP, 
M.W.=58K) aqueous solution or ethanol solution of 0.1 g mL-1 concentration for 
overnight with stirring. Then the dipped NPNi was taken out from the solution, and 
dried at 60 °C. After that, the NPNi@PVP was heated up to 600-800 °C for 2 h 
under Ar and H2. After cooling, the NPNi@graphene was obtained, and followed 
with etching in 3 M HCl, 2 M HNO3 or 1 M FeCl3 solution for 1 day. Finally, the 
NPG was obtained after cleaning with DI water. The nickel salts can be recycled 
after precipitation from the waste for reuse. 
For other solid carbon precursors, the same procedures were used except 
changing the solid carbon. N-doped NPG was also synthesized via the same process, 
except using a mixture of 0.1 g mL-1 of PVP and 0.02 g mL-1 of dicyandiamide 
aqueous solution for solid-carbon impregnation. 
(3) Synthesis of NPG-S composites 
Typically, we dissolved 280 mg of sulfur in carbon disulfide, and then put 120 
mg of NPG into the solution, stirring for 2 h. After that, black solid powder was 
acquired after evaporation of the CS2 solvent. Then NPG-S composites were 
obtained after heating the black powder at 155 °C for 1 day under argon protection. 
(4) Microscopic characterization 
The synthesized nanoporous graphene and nanoporous metals were 
characterized by scanning electron microscopy (SEM, FEI-Philips FEG-XL30s), X-
ray diffraction (Bruker D8 Advance diffractometer equipped with a Cu Kα source (λ 
= 0.15406 nm) and high resolution transmission electron microscopy (HR-TEM, 
JEOL JEM-2010F operated at 200 kV). Raman spectrum analyses were performed 
using 633 nm laser excitation on a Perkin Elmer Raman station. 
4.2.2 Electrochemical measurements 
To make NPG-S electrodes, first the slurry was prepared by mixing NPG-S 
composite, carbon black (Fisher Scientific, Super P Conductive, 99+% (metals 
basis)), polyvinylidene difluoride (PVDF) binder or PVP binder in the ratio of 8:1:1 
with NMP (N-Methyl-2-Pyrrolidone). Next, the slurry was uniformly spread onto 
Al foil 25 µm thick. After drying of the coating, the electrodes were cut into chips 
with a diameter of ∅ 15 mm. The mass loading of active S was ∼2.4 mg cm-2. The 
anodes of lithium chips (∅ 15.6 mm), Celgard 2,500 separators and working 
electrodes were assembled in Swagelok-type cells in argon-filled glovebox (UniLab, 
Braun, Germany). 80 µL electrolyte of 1 M lithium bis(tri-fluoromethanesulfonyl) 
imide (LiTFSI) in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 v/v) 
with lithium nitrate (3 %) was added in each cell. The galvanostatic cyclic 
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performances were measured under 0.1 C (1 C=1,670 mA g-1) at 1.7–2.8 V. Rate 
performances were measured under 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C and back to 0.1 C at 
1.7–2.8 V. Before cyclic tests, the current density of first discharge and charge of all 
cells was kept at 0.05 C for fully activation of sulfur. 
4.3 Results and discussion 
4.3.1 Solid-state growth of nanoporous graphene 
 
Figure 4.1 Schematic illustration of the synthesis of NPG and NPG-S composites with 
encapsulation of the sulfur in tubular nanopores for lithium-sulfur electrodes, and the 
protection of lithium polysulfide species during discharge and charge. 
Figure 4.1 schematically illustrates the low-temperature solid-state growth of 
NPG and the synthesis of NPG-S composite for lithium- sulfur batteries. The 
overall process for achieving NPG-S composites contains four steps. The first step 
is impregnation of NPNi with solid carbon precursors, such as sucrose, PVP, 
poly(methyl methacrylate) (PMMA), etc. Before impregnation, NPNi was 
synthesized by a facile and controllable thermal reduction method as reported 
previously.28 The second step is thermal conversion of solid carbon to graphene 
catalysed by Ni ligaments at 600-800 °C. This step involves the decomposition of 
solid carbon and growth of graphene on Ni ligaments. In following NPG is obtained 
by etching away the NPNi templates in acids or iron chloride. Due to NPNi 
template, NPG contains topological tubular pores where Ni ligaments remain and 
nontubular pores inherit from the original pores of NPNi templates. As a 
sustainable process, the waste of nickel salts resulted from etching can be easily 
reused for producing NPNi, which can also lower the cost in large-scale production. 
It should be noted that different forms of NPG, not only powders and thin chips but 
also bulk, can be synthesized by varying the shape and size of NPNi template (see 
Figure A2.1 of the Appendix 2). With NPG, NPG-S composites can be readily 
produced via molten-sulfur method. 
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The NPNi-1000 template synthesized by hydrogen reduction of nickel nitrate 
at 600 °C had an average ligament thickness of ~1,000 nm, ranging between 500 – 
1,500 nm (see the Appendix Figure A2.2). After dipping into PVP solution, the Ni 
ligaments of NPNi-1000 template were uniformly and conformably coated with a 
PVP film ~70 nm thick as seen in Figure 4.2a and 4.2b. By a subsequent heat 
treatment at 800 °C in hydrogen/Ar atmosphere (15 vol.% H2 in Ar), the PVP film 
was converted to graphene on Ni ligaments (Figure 4.2c). No obvious Ni ligament 
coarsening and structural changes were observed after the heat treatment. The 
fractured cross section presents in the inset of Figure 4.2c clearly shows the as-
grown graphene film on Ni ligaments. 
  
 


















Figure 4.2 (a) Overview and (b) close view of PVP coated NPNi-1000 formed by dipping 
NPNi-1000 in 0.1 g mL-1 PVP solution; (c) graphene film coated NPNi-1000 with the inset 
showing a fractured Ni ligament covered with graphene film; (d) Ramon spectrum of 
graphene coated NPNi. 
The quality of the graphene coated Ni ligaments grown at low temperature was 
evaluated by Raman spectroscopy, as shown in Figure 4.2d. The Raman spectra of 
nanoporous graphene exhibit typical G band and 2D band of multilayer graphene, 
as well as D bond indicating some defects. The ratio of ID/IG is ~ 0.48, lower than 
the previous reported values of NPG synthesized on ceramics such as SiO2, MgO, 
CaO, ZnO, and MgAl-layered double oxides, seashell, as well as by low-temperature 
CVD method.19,25,29-32 The higher quality of 3D nanoporous graphene synthesized 
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by low-temperature solid-state growth than those prepared at high-temperature 
CVD is mainly because the NPNi template also acts as a catalyst.Figure 4.3a 
elucidates the 3D bicontinuous microstructure of NPG after etching away the 
NPNi templates. The as-obtained NPG has a topological porous architecture, 
consisting of tubular pore resulting from the removal of interconnected Ni 
ligaments and non-tubular pores inherited from the original pores of nanoporous 
Ni template. TEM micrograph in Figure 4.3b further confirms the hollow tubular 
pores. The thickness of the walls of NPG was detected by HR-TEM as shown in 
Figure 4.3c and d. Noticeably, both monolayers and few layers graphene were 
found from different areas, but mostly were multilayer graphene was observed. 
Selected area electron diffraction (SAED) patterns demonstrated hexagonal 
patterns of graphene (as shown in Figure 4.3e). 
Figure 4.3 (a) SEM image and (b) TEM image of nanoporous graphene after etching away 
NPNi-1000 template; (c and d) HR-TEM images of monolayer and multilayer graphene 
walls, and (e) the SAED pattern showing the crystalline of NPG. 
The conversion of PVP to graphene during heating involves the following 
procedures. First, pyrolysis of PVP by heating under H2/Ar forms an amorphous 
carbon film on the surface of Ni ligaments, which is only about 4.1 wt.% of PVP left 
at 800 °C. 33  Followed is the dissolution of amorphous carbon film in the Ni 
ligaments. The solubility of C in Ni is ~0.126 g (100 g)-1 at 800 °C. According to the 
calculation (see Figure A2.3 and the calculation in the Appendix 2), the amorphous 
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carbon film decomposed from PVP can be fully dissolved in the Ni ligaments. 
During cooling, the carbon atoms segregate and precipitate onto the surface of Ni 
ligaments. After reaching the critical nucleation concentration, graphene nucleates, 
propagates and fully coats the Ni ligaments. Thus, the NPNi template plays double 
roles, both as nanoporous template and catalyst for graphene growth. 
It was found that the load of impregnated PVP in NPNi template and the 
thermal conversion process of solid carbon to graphene can control the layer 
thickness of grown nanoporous graphene. By dipping an NPNi template to 0.25 g 
mL-1 PVP solution, a PVP coating with a thickness of 100-200 nm was formed (see 
Figure A2.4a). After thermal treatment at 800 °C, nanoporous graphene with a wall 
thickness of ~7 nm was obtained as shown in Figure 4.4a. By increasing the PVP 
content to 0.4 g mL-1 (see Figure A2.4b), the wall thickness of nanoporous 
graphene is increased to ~13 nm (see Figure 4.4b). Figure 4.4c shows the average 
wall thickness of nanoporous graphene against PVP concentration, from 2 nm to 13 
nm. The thickness of graphene wall can be estimated according to Eq. 4.1 assuming 
all solid carbon is converted to graphene (see Appendix 2): 
   ≈ 0.022      4.1 
where tG is the layer thickness of graphene, and tPVP is the thickness of PVP coating. 
Accordingly, PVP concentration provides an efficient way to control the wall 
thicknesses of nanoporous graphene. Figures 4.4d-e depicts a schematic of the 
influences of solid carbon on the wall thickness of NPG. For a thin solid carbon 
coating (e.g. obtained by using 0.1 g mL-1 PVP), after thermal decomposition a thin 
amorphous carbon film is formed as shown in Figure 4.4d. The dissolved carbon 
leads to a low content of carbon in Ni ligaments, which induces thin graphene 
coating formed on Ni ligaments after cooling. Upon using higher concentration of 
PVP solution (e.g. 0.25-0.4 g mL-1), a thicker amorphous carbon film is formed 
after thermal decomposition from a thicker solid carbon coating, and a larger 
amount of carbon dissolved into Ni ligament. After cooling, almost all dissolved 
carbon atoms are segregated onto the Ni ligaments in the form of graphene, 
resulted in a thicker graphene wall as shown in Figure 4.4e. 
In addition to PVP, various solid carbon precursors can be used as carbon 
source for the synthesis of NPG. Take the sucrose for example, good quality of NPG 
with topological 3D bicontinuous porous structure was synthesized by using cheap 
and abundant sucrose as solid carbon as shown in Figure A2.5a and b. The as-
synthesized nanoporous graphene also exhibit nanoporous structures. Additionally, 
N-doped NPG was synthesized by only introducing N-contained organics of 
dicyandiamide in solid carbon. 
During heating, dicyandiamide decomposed and generated lots of N-contained 
gases and solid residuals, which took part in the growth of graphene. Figure A2.5c 
clearly shows the porous structure of N-NPG. EDS mapping presented in Figure 
A2.5d demonstrates the uniform dispersion of N in the N-NPG. The N content is 
Solid-state growth of nanoporous graphene for Li-S batteries 
79 
~8.7% according to the EDS analysis. The Raman spectrum in Figure A2.5e proves 
a higher ratio of ID/IG, indicating the higher content of defects caused by N doping. 
  



































Figure 4.4 Nanoporous graphene with different wall thicknesses: (a) 7 nm, (b) 13 nm, and 
(c) plot of wall thickness of nanoporous graphene against PVP concentration. (d-e) 
Schematic illustration of the influences of solid carbon films on the thicknesses of graphene. 
Temperature plays an important role in the CVD growth of graphene. For 
graphene growth at low temperatures, the degree of graphitization is reported to 
decrease and the defect concentration to increase. It is also true for the solid-state 
growth of graphene reported in this work. A lower temperature of 700 °C was 
investigated for the growth of graphene on NPNi template. Figure A2.6a shows the 
HR-TEM of nanoporous graphene obtained at 700 °C, showing less graphitization 
and high defects. Figure A2.6b shows the Raman spectra of nanoporous graphene 
obtained at 700 °C. A higher ID/IG ratio of ~ 0.85 and widened G peak and D peak 
indicate the higher content of defects and lower graphitization degree of 
nanoporous graphene synthesized at 700 °C. 
The tubular pore size of nanoporous graphene and the control of it are in 
particular relevant for battery applications. The first challenge is the control of 
ligament size of NPNi templates. The second one is to cope with the thermal 
instability of nanoporous metals at high temperatures. The severe coarsening of 
metal ligaments and pores during CVD have been reported previously.15, 24 On the 
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former issue, our previous work has shown that the method of hydrogen reduction 
of metallic salts has a good versatility on controlling the size of Ni ligaments by the 
reduction temperature and reduction time.28 On the second issue, the as-reported 
low-temperature conversion of solid carbon to graphene can avoid the high 
temperature-induced structure changes. Accordingly, the tubular pore size of NPG 
can be tuned easily by selecting NPNi template of desired ligament sizes tailored 
with low-temperature solid-state growth of graphene. 
   
   
Figure 4.5 Uniform and highly bicontinuous nanoporous microstructure of NPG with 
different pore sizes: (a) SEM, (b) TEM and (c) HR-TEM micrographs of NPG-160; (d) SEM, 
(e) TEM and (f) HR-TEM images of NPG-50. 
To demonstrate this, three types of NPG denoted as NPG-1000, NPG-160 and 
NPG-50, which have average tubular pore sizes of 1,000 nm (Figure 4.3a and b), 
160 nm (Figure 4.5 a-b) and 50 nm (Figure 4.5 d-e), were synthesized by using 
NPNi templates with an average ligament size of 1,000 nm (Figure A2.2b), 160 nm 
(Figure A2.7a) and 50 nm (Figure A2.8), respectively. All the NPG samples exhibit 
topological interconnected porous structures. Figures 4.5a and b show a uniform 
pore size distribution of NPG-160, namely ~160 nm. NPG-160 exhibits a wall 
thickness ~2.2 nm as shown in Figure 4.5c. In contrast, NPG-50 displayed mainly 
mesopores (Figure 4.5d and e) and thinner walls of ~1.3 nm, corresponding to ~4 
layers of monolayer graphene as illustrated in Figure 4.5f. 
Raman spectroscopy was performed to evaluate the quality of NPG-160 and 
NPG-50, as shown in Figure 4.6a. In comparison with NPG-1000 (Figure 4.2d), 
NPG-160 and NPG-50 display a higher ID/IG ratio, 1.0 and 1.04, respectively, 
reflecting the higher content of defects. This could be attributed to the smaller pore 
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sizes and growth at lower temperature (700 °C). The defects and defect-generated 
holes could provide more reaction sites and pathways for Li+ ions diffusion. 





















































Relative pressure (P/P0)  
Figure 4.6 (a) Raman spectra of NPG-160 and NPG-50 prepared at 700 °C; (b) Nitrogen 
adsorption–desorption isotherm of the samples NPG-1000, NPG-160 and NPG-50 
The NPG with different pore sizes also show different values of specific surface 
area (SSA) and pore volumes. Figure 4.6b displays the nitrogen adsorption-
desorption isotherm of the samples NPG-1000, NPG-160 and NPG-50. The SSA of 
NPG-1000, NPG-160 and NPG-50 are 342 m2 g-1, 295 and 555 m2 g-1, respectively, 
according to the Brunauer-Emmett-Teller (BET) analyses. In contrast to NPG-160, 
the higher SSA of NPG-1000 and NPG-50 is ascribed to the decrease in thickness of 
graphene walls, which can be supported by HR-TEM observations. The average 
pore size decreases from 12.1 nm for NPG-160 to 8.2 nm for samples NPG-50 based 
on Barrett–Joyner–Halenda (BJH) desorption. The total volume of pores increases 
from 0.92 cm3 g-1 of NPG-160 to 1.24 cm3 g-1 of NPG-50. Interestingly, the steep 
uptake in the range p/p0 < 0.01 in the N2 sorption isotherm for both two samples 
indicate the existence of abundant micropores, which could be the holes generated 
by the defects. The hysteresis loop at 0.43 < p/p0 < 1 for NPG-160 exhibits no 
limiting adsorption at high p/p0 and no clear boundary between the sorption 
regions corresponding to meso- and macropores. The hysteresis loop of NPG-50 
exhibits similar type with that of NPG-160. However, the forced closure due to a 
sudden drop in the volume adsorbed along the desorption branch at 0.45 < p/p0 < 
0.5 indicates by effect of the tensile stress, which could be caused by the 
interconnected nanopores. 34  In comparison with the previous work,15,24,25 
nanoporous graphene with a wider range of tubular pores from tens of nanometers 
to hundreds of nanometers can be tailored by varying the ligament size of Ni 
templates. 
4.3.2 Nanoporous graphene-S composites for Li-S batteries 
As abovementioned, incorporation of sulfur in a three-dimensional porous 
carbon host is a good strategy to overcome the problems of sulfur electrodes in Li-S 
battery.35 In this work, our design is putting sulfur in the tubular pores of as-
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synthesized 3D nanoporous graphene. Thus, NPG can not only offer intimate 
contacts between sulfur and graphene, but also confine the migration of 
polysulfides and prevent volume expansion by the tubular pores. In addition, the 
non-tubular pores can provide pathways for diffusion of ions and molecular of 
electrolyte. 
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Figure 4.7 (a) TGA curves of NPG-S composites measured under N2 from 50 °C to 550 °C 
with a heating rate of 10 °C min-1; (b) XRD patterns of NPG-1000-S, NPG-160-S and NPG-
50-S composites. 
To obtain a desired NPG-S composite electrode, molten sulfur was infiltrated 
into the tubular pores of NPG driven by capillary force under heat treatment. 
Liquid sulfur was then solidified and shrank to form nanoscale sulfur particles in 
the tubular pores. The sulfur contents detected from TGA analysis shown in Figure 
4.7a are 70.0, 70.7 and 69.8 wt.% for NPG-1000-S, NPG-160-S and NPG-50-S, 
respectively. It should be noted with decreasing the pore size of NPG, higher 
temperatures for sulfur vaporization can be observed. This indicates the enhanced 
encapsulation effect by using smaller tubular pores. XRD pattern in Figure 4.7b 
confirms orthorhombic sulfur (JCPSD 08-2047) in NPG-S composites. However, 
weaker intensities and broader peaks reveal that smaller sulfur particles are formed 
in the NPG host upon decreasing the size of tubular pores from 1,000 nm (NPG-
1000) to 50 nm (NPG-50). 
Further investigations on the microstructures of NPG-S composites were 
carried out by electron microscopy. SEM micrograph in Figure 4.8a reveals that 
micrometer-sized sulfur particles are completely encapsulated in the tubular pores 
of NPG-1000, instead of deposition in non-tubular pores. From the inset of Figure 
4.8a, the sulfur particles wrapped by graphene layers can be clearly observed. 
Figure 4.8b shows the microstructure of NPG-160-S, revealing smaller sulfur  





Figure 4.8 (a) SEM image of NPG-1000-S composite; (b) SEM image of NPG-160-S 
composite; (c and d) TEM and HRTEM images of NPG-160-S composite; (e and f) TEM 
and HRTEM images of NPG-50-S composite. Sulfur nanoparticles are marked with S and 
yellow arrows. 
particles encapsulated in the tubular pores. Due to the solidification of liquid sulfur 
in tubular pores, the formation of ligament-like sulfur particles can be observed in 
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Figure 4.8c. Figure 4.8d demonstrates the intimate contact between sulfur and 
graphene wall. Among NPG-S composites, NPG-50-S demonstrates smallest sulfur 
particles wrapped by NPG pores as shown in Figure 4.8e. From Figure 4.8f one can 
clearly see the graphene layers wrapping a sulfur particle that fills in partly the 
tubular pore. From the above results it can be sure in all the NPG-S composites, 
sulfur was encapsulated in the tubular pores. The size of encapsulated sulfur 
particles is limited to the size of tubular pores of NPG up liquid infiltration. 
The electrochemical performances of sulfur composites including NPG-1000-S, 
NPG-160-S, NPG-50-S and carbon black-S composites were measured by using 
galvanostatic cyclic discharge and charge. Figure 4.9a displays the initial 
galvanostatic discharge/charge profiles of all the NPG-S composites at 0.05 C. The 
high-potential plateau at ~ 2.35 V during discharge is corresponding to the 
reduction of sulfur to long chain polysulfides (Li2Sx, x=8-4), followed with the low-
potential plateau at ~2.1 V related to the transformation of long chain polysulfides 
to Li2S. The initial discharge capacities of NPG-1000-S, NPG-160-S and NPG-50-S 
composites at 0.05 C are 1,161, 1,283 and 1,368 mA h g−1, respectively. Meanwhile, 
the charge capacities of them are 972, 1,101 and 1,208 mA h g−1, respectively. It 
shows that higher capacities of discharge and charge were obtained by using NPG-
50 than NPG-160 and NPG-1000. This is attributed to the decrease in tubular pore 
size of nanoporous graphene, an increase in surface contact and pore volume. 
Although NPG-1000 has higher surface area than NPG-160, the bigger pore size of 
NPG-1000 shaped bigger sulfur particles as observed in Figure 4.8a-c. 
Figure 4.9b demonstrates the cyclic performances and Coulombic efficiency of 
various NPG-S composites and carbon black-sulfur at 0.1 C. To achieve a full 
activation of sulfur, the first cycle of all cells was tested at 0.05 C. The first 
discharge and charge capacities of NPG-50-S composite at 0.1 C are 1,066 and 
1,024 mA h g−1, which are a bit smaller than those at 0.05 C. After 100 cycles, the 
discharge and charge capacities remain at 785 and 782 mA h g−1, respectively. The 
capacity retention is 73.6% of initial capacity at 0.1C. In contrast, NPG-160-S 
exhibited slightly lower first discharge and charge capacities which are 1,040 and 
991 mA h g−1 at 0.1 C, and decline to 589 mA h g−1 of reversible capacity after 100 
cycles. When using NPG-1000, the first discharge capacity is 873 mA h g−1, and 
decays fast to 400 mA h g−1 at 100th cycle. Regarding the initial Coulombic 
efficiency, NPG-50-S reached 87.7% at 0.05 C followed with 96% for the second 
and increasing to ~100 % after few cycles. In contrast, the sulfur-carbon black 
composite exhibits much lower capacities and poor cyclic performances. 
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Figure 4.9 (a) the galvanostatic charge–discharge profiles of NPG-S composites at 0.05 C, 
(b) the discharge and charge of various NPG-S composites and carbon black-S at 0.1 C, (c) 
Voltage profiles of the NPG-50-S composite cycled between 1.7 and 2.8 V under increasing 
C-rates. (d) rate capacities of NPG-50-S, (e) discharge capacity and Coulombic efficiency of 
the NPG-50-S at 0.5 C rate. 
The above results revealed the NPG-S composites have obvious improvements 
on the electrochemical performances of sulfur cathodes in comparison with carbon 
black/sulfur composites. The enhanced electrochemical performance may be 
ascribed to the following benefits associated with the topological nanoporous 
structures of graphene: (i) the higher SSA of NPG than that of carbon black (SSA 
~62.5 m2 g-1, see Figure A2.9) provides more contacts with sulfur and increases the 
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electric conductivity of electrodes, which can improve the utilization of sulfur; (ii) 
the higher pore volume of NPG than ~0.2 cm3 g-1 of carbon black implies more 
sulfur can be encapsulated in tubular pores of NPG. The tubular pores could 
effectively confine the dissolution of polysulfides in electrolyte, and prevent the 
“shuttle effect”; (iii) The unique tubular porous structure can prevent the volume 
expansion of sulfur (~80 vol.%) after discharge, which cannot be achieved by 
carbon black. 
NPG-50-S demonstrates the highest capacity, stability and Coulombic 
efficiency compared with composites of NPG-160-S and NPG-1000-S. This could be 
attributed to the following reasons: (i) from the microstructural analyses, NPG-50 
exhibits the smallest pores and highest SSA. Smaller sulfur nanoparticles were 
encapsulated in the mesopores of NPG-50, which were shown in the TEM and SEM 
observations. Also, the high surface area of NPG-50 offers a high intimate contact 
between sulfur and NPG. As a result, NPG-50-S showed the highest capacity. (ii) 
Regarding the cyclic stability, the main influence is the dissolution and the “shuttle 
effect” of polysulfides in electrolyte (the transport of soluble polysulfides between 
cathodes and anodes and the associated charge “shuttle”). The reason for best 
cyclic stability of NPG-50-S could be mainly because of the good encapsulation 
effect of sulfur. Based on the pore volume of NPG and the density of liquid-phase 
sulfur (1.82 g cm-3), maximum concentration of sulfur in nanopores (sub-300 nm) 
are 69.3% for NPG-50-S and 62.6% for NPG-160-S, respectively. For NPG-1000-S 
composites, the sulfur is mainly in the largest pores (as see in Figure 4.8a). 
Large enough pore volume of host material for sulfur is reported being an 
important factor, i.e. not only for hosting a high content of sulfur but also for the 
accommodation of the uptake of Li ions and preventing further volume 
expansion.36 The bigger porosity of NPG-50 than NPG-160 and NPG-1000 suggests 
it can host more sulfur and confine more polysulfides by physical trapping effect. 
Thus, the dissolution and shuttle effect of polysulfides in the pores of NPG-50 can 
be well impeded, leading to better cyclic performances and higher Coulombic 
efficiency than by using NPG-160 and NPG-1000. 
The rate performances and cyclic performances of the NPG-50-S at high-
current density were also studied. As shown in Figure 4.9c, with the increase of the 
current density, the discharge capacity decreases gradually and stabilizes at around 
877, 715, 590, 482 mA h g−1 when cycled at 0.2, 0.5, 1 and 2 C, respectively. The 
cycling capabilities of NPG-50-S at different current rates are compared in Figure 
4.9d. At each rate, the cycling is pretty stable, particularly in 1C and 2 C. When the 
current density is changed to 0.1 C, the capacity can still return to 883 mA h g−1. 
NPG-50-S also displays good cyclic stability at rate of 0.5 C as shown in Figure 
4.9e. The initial discharge capacity at 0.5 C is 869 mA h g−1, remains at 650 mA h 
g−1 at 100th cycle, and ends at 526 mA h g−1 after 260 cycles. The capacity decays is 
only 0.15% per cycle. After 4 cycles, the Columbic efficiency increased above 99.7%, 
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reflecting pretty low “shuttle effect”. In comparison with other carbon-based host 
materials, the as-reported NPG-S displays good rate performances and cyclic 
stability at high current.37 The reason for fast discharge and charge of NPG-S 
electrodes could be due to the unique topological porous structure. As 
aforementioned, sulfur is encapsulated in tubular pores of NPG and nontubular 
pores are used as channels for electrolyte. The fast transportation of lithium ions is 
owing to the free pathways through the nontubular pores under high-current 
discharge and charge, which demonstrates good rate performances and high 
electrochemical stability at high rates. The excellent performances of NPG-S 
composites are mainly ascribed to the unique structure of encapsulation of sulfur in 
interconnected porous matrix of graphene. 
4.4 Conclusion 
In summary, 3D bicontinuous NPG is synthesized by solid-state growth of 
graphene with the aid of nanoporous Ni template. The as-synthesized NPG 
comprises tubular pores and non-tubular pores. The impregnation load of the solid 
carbon can adjust the wall thickness of NPG. The size of tubular pores can be 
tailored from tens of nanometers to hundreds of nanometres by adjusting the 
ligament size of nanoporous Ni templates. By encapsulation of sulfur in the tubular 
pores of 3D NPG, the NPG-S composites exhibited excellent cycling performances 
and good reversible capacities. This work provides a competitive strategy for large-
scale manufacturing of nanoporous graphene and for design of electrochemical 
energy storage devices. 
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